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R324correspondingly [7,15]. In addition,
altering LNv action potential firing
patterns by expression of a
membrane-tethered spider toxin
phase advances both PDF secretion
rhythms and the M peak of locomotor
activity [16].
Crepuscular activity rhythms and
their adjustment to changes in
prevailing environmental conditions
are likely to be an important aspect
of the selective advantage of circadian
rhythms in Drosophila. A plastic DN1p
group that is sensitive to light,
temperature, and neuropeptide signals
from other parts of the circadian
network indicates that DN1ps are
a key network node modulating
crepuscular locomotor activity phase
and amplitude. But it remains to be
determined whether the DN1ps
generate independent M and E peak
outputs that modulate locomotor
activity in a parallel pathway to the
outputs from the PDF-secreting LNvs
and LNds, or rather that the DN1ps and
these M and E cells are in a common
pathway, either with DN1ps upstream
of M and E cells or M and E cells
upstream of DN1ps (Figure 1A, right
panel). In the parallel pathway situation,
either M and E cells or DN1ps would
be sufficient to drive crepuscular
activity peaks when the other cells
are ablated or electrically silenced.
Rescuing DN1p oscillations in flies with
the M and/or E oscillators ablated orelectrically silenced, and specifically
ablating or electrically silencing DN1ps
in flies with intactM and/or E oscillators
should resolve this issue. Regardless
of the cellular mechanism, this new
understanding of the role of the DN1p
oscillator enriches the M and E dual
oscillator by providing a cellular locus
of seasonal modulation of locomotor
activity rhythms.
References
1. Cusumano, P., Klarsfeld, A., Chelot, E.,
Picot, M., Richier, B., and Rouyer, F. (2009).
PDF-modulated visual inputs and
cryptochrome define diurnal behavior in
Drosophila. Nat. Neurosci. 12, 1431–1437.
2. Grima, B., Chelot, E., Xia, R., and Rouyer, F.
(2004). Morning and evening peaks of activity
rely on different clock neurons of the
Drosophila brain. Nature 431, 869–873.
3. Stoleru, D., Peng, Y., Agosto, J., and
Rosbash, M. (2004). Coupled oscillators
control morning and evening locomotor
behaviour of Drosophila. Nature 431,
862–868.
4. Zhang, L., Lear, B.C., Seluzicki, A., and
Allada, R. (2009). The CRYPTOCHROME
photoreceptor gates PDF neuropeptide
signaling to set circadian network hierarchy
in Drosophila. Curr. Biol. 19, 2050–2055.
5. Murad, A., Emery-Le, M., and Emery, P. (2007).
A subset of dorsal neurons modulates
circadian behavior and light responses
in Drosophila. Neuron 53, 689–701.
6. Stoleru, D., Nawathean, P., Fernandez, M.P.,
Menet, J.S., Ceriani, M.F., and Rosbash, M.
(2007). The Drosophila circadian network is
a seasonal timer. Cell 129, 207–219.
7. Zhang, L., Chung, B., Lear, B.C., Kilman, V.L.,
Liu, Y., Mahesh, G., Meissner, R.-A.,
Hardin, P.E., and Allada, R. (2010). A subset
of circadian neurons coordinates light and
PDF signaling to produce robust daily behavior
in Drosophila. Curr. Biol. 20, 591–599.
8. Zhang, Y., Liu, Y., Wentworth, D., Hardin, P.E.,
and Emery, P. (2010). Light and temperaturecontrol the contribution of a subset of Dorsal
Neurons 1 to Drosophila circadian behavior.
Curr. Biol. 20, 600–605.
9. Nash, H.A., Scott, R.L., Lear, B.C., and
Allada, R. (2002). An unusual cation channel
mediates photic control of locomotion in
Drosophila. Curr. Biol. 12, 2152–2158.
10. Lear, B.C., Lin, J.M., Keath, J.R., McGill, J.J.,
Raman, I.M., and Allada, R. (2005). The ion
channel narrow abdomen is critical for neural
output of the Drosophila circadian pacemaker.
Neuron 48, 965–976.
11. Majercak, J., Sidote, D., Hardin, P.E., and
Edery, I. (1999). How a circadian clock adapts
to seasonal decreases in temperature and
day length. Neuron 24, 219–230.
12. Miyasako, Y., Umezaki, Y., and Tomioka, K.
(2007). Separate sets of cerebral clock
neurons are responsible for light and
temperature entrainment of Drosophila
circadian locomotor rhythms. J. Biol.
Rhythms 22, 115–126.
13. Yoshii, T., Vanin, S., Costa, R., and
Helfrich-Forster, C. (2009). Synergic
entrainment of Drosophila’s circadian clock
by light and temperature. J. Biol. Rhythms 24,
452–464.
14. Choi, C., Fortin, J.P., McCarthy, E., Oksman, L.,
Kopin, A.S., and Nitabach, M.N. (2009).
Cellular dissection of circadian peptide signals
with genetically encoded membrane-tethered
ligands. Curr. Biol. 19, 1167–1175.
15. Stoleru, D., Peng, Y., Nawathean, P., and
Rosbash, M. (2005). A resetting signal between
Drosophila pacemakers synchronizes morning
and evening activity. Nature 438, 238–242.
16. Wu, Y., Cao, G., Pavlicek, B., Luo, X., and
Nitabach, M.N. (2008). Phase coupling of
a circadian neuropeptide with rest/activity
rhythms detected using a membrane-tethered
spider toxin. PLoS Biol. 6, e273.
Department of Cellular and Molecular
Physiology, Yale University School of
Medicine, 333 Cedar Street, New Haven,
CT 06520, USA.
*E-mail: michael.nitabach@yale.edu
DOI: 10.1016/j.cub.2010.02.036Apoptosis: Conserved Roles for
Integrins in ClearanceA recent study shows that one of the two known Caenorhabditis elegans
homologs of the mammalian integrin a subunit plays an essential role in the
clearance of apoptotic cells — efferocytosis — during nematode development.
These new findings reveal that integrins have evolutionarily conserved
functions in efferocytosis in metazoans.Veera D’mello and Raymond B. Birge*
Efficient recognition, engulfment, and
degradation of apoptotic cells by
phagocytic cells is critical for both
development and tissue homeostasis
in metazoans [1]. This process is
particularly important in mammals, as
deficiencies either in recognition or
in degradation of apoptotic cells can
result in systemic inflammation andsubsequent autoimmune disorders
with characteristics of rheumatoid
arthritis, systemic lupus erythematosus
or Wegener’s granulomatosis [2].
Effective clearance of an apoptotic
cell — a process termed
efferocytosis — involves direct contact
between the apoptotic cell and the
phagocyte, and specific recognition
and phagocytosis of the dying cell.
While a plethora of receptors andligands are known to be involved in
the recognition phases of efferocytosis
in mammals, paradoxically such
recognition pathways in
Caenorhabditis elegans have been
largely elusive. A new study published
recently in Current Biology by Hsu
and Wu [3] now reveals an essential
role for one of the C. elegans homologs
of the mammalian integrin a subunit
in the clearance of apoptotic cells.
Integrin receptors are obligate
heterodimers containing distinct a and
b subunits. In mammals 18 a subunits
and 8 b subunits have been
characterized, while in C. elegans there
are 2 a subunits (INA-1 and PAT-2)
and a single b subunit (PAT-3).
Integrins are best known for tethering
cells to their surrounding tissues, but in
mammalian systems they have equally
important roles as receptors involved
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Figure 1. Recognition and clearance of apo-
ptotic cells by a integrin INA-1 in C. elegans.
The extracellular domain of INA-1 tethers the
apoptotic cell and transduces intracellular
signals for engulfment by engaging a non-
conventional SRC-1 activation pathway that
in turn impinges on the conserved CED-2–
CED-5–CED-12–CED-10 module. Activation
of CED-10 ultimately causes actin polymeri-
zation leading to phagosome formation,
which eventually internalizes the apoptotic
cell. Recognition of apoptotic cells by INA-1
requires scramblase (SCRM-1) activity within
the dying cell that leads to externalization of
phosphatidylserine (PS), a marker of apo-
ptotic cell death. The CED-1–CED-6 pathway
and conventional KIN-32 activation appear
not to be involved, whereas the role of
putative opsonins and b integrin PAT-3 and
the mode of SRC-1 activation remain to be
explored.
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R325in efferocytosis [4,5]. Pioneering work
by Savill and colleagues in the 1990s
revealed that avb3 integrin, in a
complex with the scavenger receptor
CD36, was required for the engulfment
of apoptotic neutrophils by
monocyte-derived macrophages [5,6].
Since then, other mammalian
integrins — including avb5 expressed
on dendritic cells [7] and epithelial cells
[4], and b2 (CD18) integrin heteromers,
i.e. complement receptors CR3
(CD11b/CD18) and CR4 (CD11c/CD18),
expressed on monocytes [8] — have
been shown to ‘moonlight’ as
efferocytic receptors [9]. The
mechanisms of integrin function in
efferocytosis are analogous to those
in adhesion. Integrins tether apoptotic
cells to the surface of the phagocyte
and anchor them to the actin
cytoskeleton. As shown for avb5
integrin, tethering is often followed
by activation of signaling from
collaborating receptor tyrosine kinases
that then promotes cytoskeletal
reorganization and phagosome
formation [10,11].
The apoptotic cell engulfment
pathways have been identified in
C. elegans and appear to be
remarkably conserved in mammals.
Classical genetics identified two
parallel signaling pathways involving
specific cell death defective (ced)
genes, the first comprising the
ced-2–ced-5–ced-12–ced-10 module
and the second the ced-1–ced-6
module [12]. It has indeed remained a
conundrum for the past two decades
why so little information about
efferocytic receptors has emerged
from subsequent screens for corpse
persistence inC. elegans. One possible
explanation is that in the nematode
there are multiple, redundant receptors
converging onto defined downstream
signaling modules, meaning that
intracellular signaling pathway mutants
but not receptor mutants have visibly
stronger phenotypes. Not surprisingly,
integrin mutations result in numerous
developmental defects in the worm
and these defects could conceivably
mask effects on engulfment. Another
issue regarding the identification of
nematode receptors is the absence
of worm homologs of mammalian
receptors. On the other hand,
functional mammalian homologs of
components of the two engulfment
pathways in C. elegans have been
identified: the mammalian homologs
of components of the firstpathway — CED-2, CED-5, CED-10
and CED-12 — are CrkII, Dock180,
Rac-1 and ELMO, respectively; and
MEGF10, the PTB-domain-containing
adaptor GULP, the ABCA1 transporter
and dynamin are the mammalian
homologs of CED-1, CED-6, CED-7
and DYN-1. Until now, little was known
about the recognition receptors
upstream of these conserved
modules in C. elegans, aside
from a role for CED-1 and the
phosphatidylserine receptor homolog
in the worm — PSR-1 — which
was shown to interact with CED-5
but not CED-2 [13].
In the recent work Hsu and Wu [3]
identified a role for INA-1, one of the
two known homologs of mammalian
integrin a, in efferocytosis in C. elegans
at the level of the whole organism
(Figure 1). Using weak and strong
allelic mutants of ina-1 and RNA
interference (RNAi), they showed
that partial knockdown of ina-1 led
to an increase in cell corpses at
earlier stages of embryogenesis. This
phenotype of corpse persistence could
be prevented by strong mutations in
the pro-apoptotic genes ced-3 and
ced-4, suggesting that these effects
result from clearance defects and not
defects in cell adhesion. The authors
confirmed that apoptosis did not result
from anoikis mediated by the loss of
integrin-dependent adhesive function
because a mutation in the C. elegans
p53 homolog cep-1, which mediates
anoikis-induced apoptosis, did not
mitigate increased apoptosis in these
ina-1 ced-3/4 double mutants. Instead,
a temporal analysis of apoptotic cell
clearance in ina-1 mutants using
four-dimensional differential
interference contrast microscopy
showed a significant delay in uptake
during early (comma to 2-fold) but not
late (3- and 4-fold) stages of embryonic
development that could be followed
with fluorescence imaging over time.
Additionally, clever use of transgenic
worms showed that the defect in
corpse clearance in ina-1 mutants was
rescued when ina-1 was expressed
downstream of the CED-1 promoter,
which is active specifically in engulfing
cells, but not when expressed
downstream of the EGL-1 promoter,
which is specific for dying cells.
To assess whether INA-1 interacts
directly with the surface of an apoptotic
cell, a GFP:INA-1 fusion protein was
expressed in transgenic worms.
Interestingly, the extracellular domainof INA-1 was found to accumulate
around apoptotic somatic cells, and
the extracellular amino-terminal region
of INA-1 bound to the surface of
apoptotic cells. Furthermore, binding
was dependent on the activity
of the phospholipid scramblase
SCRM-1, which is required for
phosphatidylserine externalization,
suggesting that INA-1 might recognize
apoptotic cells in the context of
externalized phosphatidylserine,
although further studies will be
required to determine just how this
occurs. Lessons from mouse studies
suggest there is some flexibility in the
way in which integrins interface with
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well-understood mechanisms involve
the mammalian vitronectin receptors,
avb3 and avb5 integrin, which bind
externalized phosphatidylserine on
the apoptotic cell indirectly via
bifunctional opsonins, including milk
fat globule EGF factor 8 (MFG-E8)
[14,15], developmental endothelial
locus-1 (Del-1) [16], and possibly
thrombospondin [5]. C. elegans does
not have any obvious MFG-E8/Del-1
homologs, so there may be a
simpler mechanism for
phosphatidylserine–integrin
interactions in the worm. The beauty
of C. elegans genetics will facilitate the
identification of ina-1 complementation
mutants, and it will of interest to
determine ligands that can rescue
the phenotype of ina-1-deficient
worms. Finally, it is also relevant
that b2 integrins in mammals can
interact directly with distinct epitopes
on the apoptotic surface, including
intercellular adhesion molecule-1
(ICAM-1) [17] and inactivated
complement fragment iC3b [8].
Therefore, studying how INA-1
interacts with phosphatidylserine
might produce some surprising new
findings.
Perhaps the most striking
conservation revealed in the paper
by Hsu and Wu [3] involves the
activation of intracellular signaling
pathways. INA-1 acts upstream of
the CED-2–CED-5–CED-12 module
but not the CED-1–CED-6 module.
ina-1 mutants could be rescued by
overexpression of ced-2, ced-5,
ced-10 and ced-12 but not ced-1 or
ced-6. In mammalian dendritic cells
and epithelial cells, avb5 integrin
was shown to recruit the
CrkII–Dock180–ELMO module for
signaling [18], providing a rare instance
where receptors for a given pathway
were identified in mammals before
C. elegans. Hsu and Wu [3] employed
a yeast two-hybrid assay to identify
physical interactions between INA-1
and known downstream signaling
molecules. However, when this assay
did not identify any interacting
proteins, the authors turned to
mutational and RNAi-based
approaches to screen for non-receptor
tyrosine kinases in an effort to discover
proteins that dock at the
phosphotyrosine-binding Src
homology 2 (SH2) domain of CED-2.
Typically in mammals, integrin
activation leads to focal adhesionkinase (FAK) phosphorylation [10],
which in turn engages the
p130Cas–CrkII–Dock180–ELMO–Rac1
pathway [11]. Interestingly, loss of the
C. elegans Src kinase homolog src-1
but not the FAK homolog kin-32
phenocopied ina-1 mutants, and
overexpression of src-1 but not kin-32
under the CED-1 promoter rescued the
ina-1 phenotype. Genetic experiments
showed that overexpression of src-1
rescued ina-1 mutants but not ced-2
mutants, whereas overexpression of
ced-2 rescued src-1 mutants. Yeast
two-hybrid assays confirmed that
wild-type SRC-1 bound both INA-1
and CED-2. Furthermore, deletion of
the SH2 domain of CED-2 abolished
the interaction with SRC-1, while
SRC-1 co-localized with INA-1 in
phagocytic cups, providing
independent support that SRC-1 is
upstream of CED-2.
An intriguing remaining question
concerns the mechanisms by which
SRC-1 is activated and recruited to
INA-1 in the phagocytes. In mammals,
Src is activated by binding to a second
efferocytosis receptor, theMer tyrosine
kinase, which in turn phosphorylates
FAK and recruits FAK to the
cytoplasmic tail of b5 integrin [11].
Although a similar mechanism might
also exist in the nematode, Hsu and
Wu [3] found no evidence for a role for
FAK in INA-1-mediated efferocytosis.
The authors have also found clearance
defects in pat-3 mutants, suggesting
that PAT-3 forms heteromers with
INA-1. Exploring the role of PAT-3 in
INA-1-dependent efferocytosis might
shed more light on these aspects.
Likewise, it will be important to
understand whether the other integrin
a subunit, PAT-2, has a similar role and
can partially compensate for ina-1
deficiency. Also, as the authors noted,
considering the specific requirement
for INA-1 at early stages of
development, other receptors might
be involved that signal either
independently or synergistically with
INA-1 or are activated later in
development.
Hsu and Wu [3] have provided an
important breakthrough in the field
of nematode efferocytosis. Such
systemic effects of integrin ablation
on efferocytosis are analogous to
observations in mice where loss of
MFG-E8 [19] or conditional knockout
of av integrins [20] results in the
persistence of apoptotic cells in
germinal centers and autoimmunity.Similar to the embryonic lethality of av
knockout mice, strong allelic mutants
of ina-1 cause larval arrest. Phagocytic
defects were evident in weaker ina-1
mutants, reminiscent of conditional av
integrin knockout in phagocytes of
myeloid origin that results in apoptotic
cell accumulation and inflammation in
mouse colon [20]. These observations
are particularly important as C. elegans
is a powerful model system capable
of yielding unequivocal in vivo data at
single-cell resolution and could
provide a better understanding of the
molecules and mechanisms of
efferocytosis, a homeostatic process
that regulates several complex
processes in higher animals.
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